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Objeceires. This study tested the ability of three-dimensional
echaartliography to reconstruct the right ventricular free wall
end determine its mass in vivo using a system that automatically
combines two-dimensional images with their spatial locations .
Background. Right ventricular free wall thickness is limited as
an Index or right ventricular hypertrophy because right wentric .
ular man may increase by dilation without increased thickness
and because trahecutations and oblique views an exaggerate
thickness In individual M-mode and two-dimensional scans .
Three-dmensimal echocardiography may have potential advan-
mges because It can integrate the entire free wall mass, eninnu-
enced by oblique views a geometric assumptions .
Met ends
.
The three-dimensional system was applied to 12
bat canine hearts to reconstruct the right ventricular free wall
IN intersecting views, The corresponding mass was compared with
actual weights of the excised right ventricular free wan (15 .5 to
78 g) . For comparison, right ventricular sinus and outflow tract
thickness were also measured by two-dimensional rehocardiog-
Right ventricular free wall thickness has been used as an
index of right ventricular hypertrophy (1-8). Its value is
limited, however, because trabeculation and oblique views
can exaggerate the appearance of tight ventricular hypertro-
phy in individual M-mode and two-dimensional scans. Fur-
thermore, the right ventricle may increase its mass by
dilating rather than developing increased wall thickness .
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aphy, and the ability to predict mass noes these values was
determined
.
Results. The three-dimensional algorithm successfully repro-
duced right ventricular free wall mass, which agreed well with
actual values : y = i,04x + 0 .02, s = 0,585, SEE = 2.7 g (5.79& of
the mean noise! . The two-dimensional predictions showed in-
creased scatter : The variance of mass estimation, based on
thickness, was 9,5 to 12 .5 (average 11) times higher than the
three-dimensional method (p < OX)
.
Conclusions
. Despite the irregular creseentic shape of the right
ventricle, its free wan mass can be accurately measured by
Three-diraensiunat echocardiography in vivo, providing closer
agreement with actual mass than predictions based on wall
thickness . This method, with the increased efficiency of the
three-dimensional system, an potentially improve our ability to
evaluate the presence and progression of right ventricular hyper-
trophy .
(J Am Call Cordial 1994
;23
:1715-22)
Although combining free wall thickness with cavity volume
could potentially improve the ability to assess right ventric-
ular hypertrophy (9-I1), measurement of right ventricular
volume is limited by the complex, crescentic shape of the
right ventricle (limiting the application of simple dimensional
or geometric formulas (1
:-25) and by the difficulty in obtain-
ing the standardized views needed to calculate right ventric-
ular volume (13-25) . Three-dimensional echocardiography
(26-42), which has recently been validated in preliminary
reports for determining right ventricular volume (43-45), has
potential advantages for determining right ventricular free
wall mass because it is not dependent on geometric assump-
tions and does not require standardized views . It will also
not be influenced by oblique views because it integrates the
entire free wall mass . The purpose of this study, therefore,
was to validate the ability of three-dimensional echocardiog-
raphy to reconstruct the right ventricular free wall and
determine its mass in vivo as an index of right ventricular
hypertrophy .
0737-1097/9407.00
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Flpm t. Example of a video frame alastrating three-diaxosiaud
echocardiographic data acquisition. The frame contains 1) the
,artesian coordinates of the transducer position encoded in digital
format (upper Left) ; 2) the echocardiogaphic image (cmler) . with
borders tread in gram for right ventricular epicardium, relic. for
right ventricular endocardium and blue for left ventricular epicar-
dium ; and 3) the electrocardiogram (botleal . 77e brightest central
portion of the border was traced on the basis of optimal resuhs with
the Idt ventricle (42).
Methods
Animal preparation . Twelve mongrel dogs with a mean
weight of 29 .5 kg were anesthetized with pentobarbital (30 to
50 mg/kg body weight intravenously), incubated and venti-
lated . A midline thoracic incision was made, the pericardium
incised and the heat , suspended in a pericardial cradle .
Three-dimernional echaardkugrapty . Data acquisition.
The heart was scanned with the 3 .5-MHz transducer of a
Hewlett-Packard phased array sector scanner (model
77020A)
. For three-dimensional reconstruction, as previ-
ously described (37,42,45), the heart was scanned through a
water bath, with intersecting long- and short-axis sweeps to
include the right ventricular apex and inflow and outflow
tracts . The three-dimensional positions of the images were
recorded automatically and in real time by using three spark
gap-locating devices attached to the transducer . These de-
vices were placed on a plate perpendicular to the long axis of
the transducer; the plate was mounted on a plexiglc.ss sleeve
reproducibly fixed to the transducer . During the scan, the
three spark gaps were fired in rapid succession by a micro-
processor (Science Accessories, Inc
.)
; a square array of four
microphones continuously received and timed the arrival of
sound emitted from the spark gaps and could therefore
locate each one by triangulation . Both the ultrasound ma-
chine and the transducer-locating system were interfaced to
a single 386series personal computer (33-MHz 386DX,
Metro Information Systems) that encoded the positional data
in real time as a binary pattern that was overlaid on an
unused portion of the imaging video signal (42,45). The
composite was then recorded on videotape (Fig
. 1), so that
each video frame had the data required for three-dimensional
IACC V.I. 23
. No . I
reconstruction without need for manual coordination ; scan
time and storage requirements for this system are therefore
the same as for the corresponding two-dimensional scans .
Data analysis. After data acquisition, the same computer
system and video board (AT Vista, True Vision) were used
for data retrieval . For each right ventricular free wall recon-
struction, 16 to 20 different tomographic images were se-
lected from video playback to cover the right ventricular free
wall from the apex to the pulmonary valve in intersecting
planes, on the basis of previous experience in reconstructing
right ventricular volumes (45). The selected images were
then digitized, with the locating data automatically decoded
within I s and used to calculate the three4mensional
location of each image. All selected images were grabbed at
end-diastole, in the video frame closest to and just after the
QRS peak deflection on the simultaneous electrocardiogram.
To avoid mixing images in different spatial positions as a
result of heart translation with respiration, only images in the
quiet end-expiratory phase were used, as determined by a
respiratory gating signal recorded on the videotape . The
selected images were then traced manually using a digitizing
board (Summagraphics Inc-)-
A previously described surfacing algorithm (42,45) that
takes advantage of the full three-dimensional data set was
then used to calculate volumes from the reconstructed
traces
. In brief, an initially spheric template was used to
create an array of 800 latitude and longitude grid points .
Rays were then drawn from the center of the sphere through
each grid point, and the length of each ray was calculated to
provide the best fit to the actual traced borders in its vicinity
.
The ends of the rays were connected to form a surface, and
cavity volume was then calculated as the sum of the tetra-
hedral volumes formed by connecting each triangular patch
ofgrid points with the center of the cavity (42) . Any missing
data points were filled in using a weighted fit to interpolate
between nearest neighbors on the basis of distance between
grid points. However, because the algorithm makes the
surface expand from the centroid of an object, it cannot be
applied directly to surfacing the right ventricular free wall,
which is so crescentic that its centroid lies outside the object
(Fig . 2A, left) . Therefore, we also traced the Left ventricular
epicardium
; combining its traces with either the right ven-
tricular epicardial or the right ventricular endocardial traces
created objects that contained their centroids within the
traces and therefore allowed the surfacing algorithm to be
applied (Fig. 2A, right). (Alternatively, any other consistent
border could have been traced, the only aim being to obtain
objects that contain their centrods .) As drawn in Figure 1,
the epicardial borders of both right and left ventricles as well
as the right ventricular endocardium were traced in different
colors in each selected fame. During analysis, each group
of traces could be displayed by the computer in three-
dimensional space, allowing the observer to review the overall
consistency of the traces and the adequacy of sampling .
Calculations. The right ventricular free wall mass was
calculated in three stages, as shown in Figure 2B : First, the
JACC Vol . 23 . No . 7
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Signer 2. A, Schematic diagram of the applicability of the surfacing
algorithm . This algorithm cannot be applied if the centroid ties
outside the object, as in the case of the crescentic right ventricular
free wall (left) . However, it can be applied if the right ventricular
free wall is extended by tracing a consistent border, such as the left
ventricular epicardium, so that the centroid is contained within the
traces (right) . B, Schematic diagram of right ventricular free wall
mass calculation, There are three stages : 1) calculation of the
volume within the left ventricutar and right ventricular epicardium
(upper kft1 : 2) calculation of the right ventricular free wall volume
by subtracting total left ventricular volume and right ventricular
cavity volume : and 3) calculation of mass by multiplying volume by
density (1 .05) : Right ventricular free wall mass = Right ventricular
free wall volume x 1 .05 .
volume within the entire right and left ventricular epicardium
was traced and reconstructed ; second, the volume of the
right ventricular free wall was obtained by subtracting the
volume contained within the left ventricular epicardium and
right ventricular cavity from the total epicardial volume of
boils ventricles ; third, multiplying right ventricular free wall
volume by density (1 .05) gave mass. All of these calculations
could be done rapidly by the computer from the same set of
traces simply by selecting which color traces were to be
entered into the surfacing algorithm .
Twodimensioonl echocardiography . Because right ven-
tricular free wall thickness measured by two-dimensional
echocardiography is generally used as an index of right
ventricular hypertrophy, the ability of the wall thickness
itself to predict free wall mass was also compared with that
of three-dimensional reconstruction . Therefore, the end-
diastolic thickness of the sinus portion of the right ventric-
ular free wall (relatively smooth portion of the right ventric-
ular body near its inlet as seen in the apical four-chamber
view) and the thickness of its outflow portion were measured
by two-dimensional echocardiography with a Sony o0-line
analysis system, as indicated schematically in Figure 3 . The
heart was scanned to show minimal thickness and to avoid
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RVFW Ttlicknnou
(S5PIUS)
RVFW Thickness
(OUTFLOW)
Figure 3 . Two-dimensional right ventricular free malt (RVFW)
thickness measurements . LA
= tuft atrium
; LV = left ventricle ;
PA = pulmonary artery ; RA = right atrium; RV = right ventricle.
oblique views . Three measurements of each thickness were
averaged, and the ability to predict mass from thickness was
determined by regression analysis .
Anatomic data. After three-dimensional as well as two-
dimensional echocardiogrphic scanning, each heart speci-
men was dissected, and all epicardial fat, vessels and valves
were removed according to the method of Refiner ci at . (46) .
Mass was determined by weighing the right ventricular free
wall . (The interventricular septum was not included because
it is shared by the left ventricle . l
Statistical analysis. The ability to predict mass by two-
and three-dimensional echocardiography was determined by
linear regression analysis ; 95% prediction Bruits were calcu-
lated by the RSI statistical package (Bolt, Beranek and
Newman, Inc .) . Analysis of variance was used to compare
the differences between the calculated and actual values
among all the methods used, with significance assessed at
p < 0.05 . Observer variability was expressed as the standard
deviation of the differences between the measurements of
two observers and as a percent of the mean value .
Results
Reconstructed images, Figure 4 shows an example of the
reconstructed traces, including right ventricular endocar-
dium and epicardium as well as the common borders of the
left ventricular epicardium (top), with the reconstructed
tight ventricular free wall (bottom) . The right ventricular
free wall curvature with the narrow outflow tract and apex
can he appreciated .
Three-dimensional free wall mass . Right ventricular free
wall mass, which ranged from 15 .5 to 78 .0 g (mean 45.7
16.6), was predicted well by three-dimensional reconstruc-
tion (y = 1 .04x + 0.02, r = 0 .985, SEE = 2 .7 g) (Fig. 5A,
Table I), with a mean difference between calculated and
actual values of 2.6 g (5.7% of the mean value) .
Two-dimensional ee3oeardlography, The predictions of
mass from two-dimensional echocardiographicaily deter-
mined free wall thickness measurements are shown in Figure
SB and C . (From these linear regressions, which are sug-
gested by the data, it is not possible to predict mass from
thickness below the x-intercepts .) Although the free wall
mass predictions from two-dimensional thickness measure-
ments showed high cortelatians with actual values (r = 0 .85
and 0.85 for sinus aid outflow tract thicknesses, respec-
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Figure 4. Representative three-dimensional echocardiographic re
.
constructions : Top, Reconstructed traces of a right ventricular free
wall in yellow and green, with the common left ventricular epicardial
Imces in blue
. Bottom, Reconstmaed right ventricular free wall
alone, with the endocardium in yellow and the epicadium in green .
The outflow tract is at the top of the image, the apex at the bottma
and the septa) insertion of the right ventricular free wall at the lower
right .
lively), these predictions showed greater diferences from
the line of identity and increased scatter compared with
three-dimensional values, as seen in Table 2 . Analysis of
variance showed that three-dimensional echocardiographic
predictions were significantly better than those derived from
sinus or outflow thickness at p < 0.02; the variances by
two-dimensional echocardiographic thickness methods were
9
.5 times higher than that by three-dimensional echocardi-
B
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SINUS THICKNESS (cm)
Figre 5
. Regression lines and 95% prediction limits for (A) three-
dimensional (3-D) versus actual right ventricular fire wall mass ;
(B)
right ventricular sinus thickness versus actual right ventricular free
wall mass ; and (C) right ventricular outtbw thickness versus actual
tight ventricular free wait mass.
ography for the sinus thickness and 12 .5 times higher for the
outflow tract thickness (Fig. 6) .
falerobserver variably . The interobserver variability
for a second observer independently tracing and reconstruct-
ing five right ventricles in three-dimensional reconstruction
was 2.3 g, or 4 .9% of the mean value .
Discussion
The results of this study demonstrate that the three
dimensional echocardiographic system described can accu-
rately reconstruct the right ventricular free wall in vivo ; its
predictions of mass were significantly better than those
derived from thickness measures.
limitations of wait thickness methods . Measurements of
right ventricular wall thickness by M-mode echocardiogra-
JACC Vol. 23, No. 7
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Table 1 . Three-Dimensional Echocardiographically Reconstructed
Right Ventricular Mass Compared With Actual Mass
RV = right ventricular; 31) = three-dimensionalI
phy have been found to be useful in the diagnosis of right
ventri,,ular hypertrophy (1-8). It has also been shown that
echocardiographic measurement of right ventricular free wall
thickness is superior to
ECG diagnosis of right ventricular
hypertrophy (4). Arcilla et al . (I) showed good correlation (r=
0 .87) between right ventricular wall thickness obtained by
echocardiography and that measured with calipers at the rime
of open heart surgery . Prakash (4) showed that echocardio-
graphic measurements correlated well (r = 0.83) with nec-
ropsy measurements. However, there are limitations to wall
thickness methods . 1) The M-mode echocardiographic beam
cuts through the right ventricular free wall only in one area,
and in the course of right ventricular hypertrophy, the right
ventricular free wall may not be evenly thickened. For
example, in patients with right ventricular pressure over-
load, the wall of the outflow tract or the muscle around the
crista supraventricularis hypertrophies earlier and to a
greater extent than other areas
(2) . 2) Both the M-mode
beam and the two-dimensional scan plane may not traverse
JIANG ET AL.
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Figure 6
. The variances by the three methods : three-dimensional
(3D), two-dimensional sinus thickness
12D (sinus)] and two-
dimensional outflow thickness 12D (outflow)] .
the right ventricular free wall in a perpendicular manner to
provide a distinct and standardized recording of thickness,
especially when the right ventricular outflow tract is re-
corded or the subxiphoid approach is used (2,8). 3) Measure-
ment of right ventricular free wall thickness alone may not
accurately reflect right ventricular hypertrophy because the
right ventricle may increase its mass by dilating without
increased thickness (2.9-II). In the present study, the
thicknesses of both sinus and outflow tract regions were
measured to avoid the limitations of measurements made in
a single area, and two-dimensional echocardiography was
used to minimize the potential for obliquity of measurement,
at least within the plane of view. Despite this, although
predictions based on thickness correlated reasonably well
with actual mass, they lacked the accuracy of the three-
dimensional echocardiographic measures .
Limitations of volume determination byM•mode and two.
dimensional echocardiography. Although combining wall
thickness and chamber size can potentially improve the
determination of right ventricular mass (9-11) . the complex-
Table 2. Right Ventricular Wall Thicknesses and Their Predicted Mass Compared With Actual
Right Ventricular Mass
Note that masses were predicted using separate regression models from the sinus and outflow thickness
mcamictroms.
Dog No.
Actual
Mass
(g)
Thickness of
sinus
(em)
Thickness of
Outflow Tract
(c.)
Mass Predicted
From Sinus
Thickness (g)
Muss Predicted
Fmin Outflow
Thickness (S)
I 45 .0 0 .76 0.75 57 5 ;
2 48 .0 0 .62 0.79 41 58
3 49 .0 0 .72 0.75 53 57
4 45 .0 0 .60 0.56 38 34
5 78 .0 0 .82 0.85 64 64
6 25 .2 0 .47 0.47 23 25
7 29 .5 0.53 0.49 30 27
8 59 .0 0.81 0.81 63 60
9 44 .8 0.66 0.58 45 36
10 15 .5 0.47
U 51
23 30
II 50.0 0.77 0.70 58 48
12 59.5 0.72 0 .78 53 57
Dog No.
Actual RV Mass
141
3D RV Mass
Ig1
1 45.0 39.9
48.0 46.1
3 49
.0 44.0
4
45.0 41.4
78 .0 78 .4
6 25 .2 25 .5
7 29 .5 31 .3
8 59 .0 57 .8
9 44 .8 45 .2
t0 15 .5 17.4
II 50.0 45 2
12 59.5
55.4
1720
	
JIANG ET AL.
THREE-DIMENSIONAL RIGHT VENTRICULAR MASS
ity of right ventricular shape has limited attempts to calcu-
late its volume from a single dimension or an area measured
by M-mode or single-plane echocardiography (13-17) . Even
biplane approaches (18-25) based on angiographic studies,
including the Simpson's rule and area-length methods, have
produced only variable correlations and agreements with
mgiographic or radionuclide data because of several possi-
ble factors : I) limitations of simplified geometric formulas in
describing the complex right ventricle; 2) difficulty in obtain-
ing the two orthogonal views required for application of both
Simpson's and biplane methods
; and 3) failure of the views
selected to include the infundibulum (19,20,22,23,25) . In
addition, two-dimensional echocardiography may be limited
by difficulty in determining end-diastole at very rapid heart
aces with the limited frame rates usually available
.
Three-dimeosbaal echocardiography . Three-dimensional
reconstruction overcomes the previously described limita-
tions and has advantages for determining right ventricular
volume (43-45) because it is not dependent on geometric
assumptions and does not require standardized views . Its
accuracy for measuring right ventricular volume has been
validated in preliminary reports (43-45). For determining
right ventricular mass, it has the additional advantage of
integrating the volume of the entire free wall, thereby
avoiding the effects of oblique views that alter thickness
measurements in M-mode or individual two-dimensional
images . The present study validates the ability of three-
dimensional echocardiography to reconstruct the right ven-
tricular free wall and its accuracy in determining its mass,
with closer agreement than that provided by predictions
based on wall thickness.
Three-dimensional reconstruction, as in a previous study
of right ventricular volume (43), provides several other
advantages (37,42,45). I) It combines multiple intersecting
planes, improving the consistency of border detection by
allowing each traced image to be reviewed in threw
dimensional relation to the others ; in particular, the current
system allows such checking immediately during the tracing
process. 2) The surfacing algorithm can accept partial traces
and fill in missing data from intersecting views or by the
surfacing algorithm itself; this can be especially important
for the right ventricle, parts of which may be difficult to
visualize in a given view. The averaging effect of the surfacing
algorithm also minimizes the impact of isolated tracing errors
and the potentially limited temporal resolution of the compo-
nent two-dimensional views . 3) The spark gap-locating system
permits the operator to vary lrunsducer position and oriental
tio n to optimize image quality
. 41
The three-dimensional sur-
face can be viewed and rotated to improve three-dimensional
appreciation. The current system also provides several addi-
tional advantages: 1) the location data are recorded simulta-
neously and automatically with the two-dimensional images,
eliminating the need for manual coordination ; 2) rapid data
collection ensures that positions and images are obtained at the
same time and minimizes potential errors caused by subject
motion or respiration; 3) the surfacing algorithm uses the full
JACC Vol . 27, No. 7
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strength of the intersecting three-dimensional data set to pro-
duce a polyhedral-type volumetric calculation (41,47) .
Limitations and future work. There are several sources of
variability in this method, including 1) the resolution of spark
gap location (<1 mm by selection of data sets to have the
computed distances between spark gaps differ by <I mm
from actual values) ; 2) observer variability
; and 3) a ten-
dency of the surfacing algorithm to round out sharply protrud-
ing edges, such as the narrow apex and the distal outflow
tract, although total volume tends to be preserved by the
averaging procedure used to calculate the grid points . This
last effect may cause slight but not significant underestima-
tions of mass (Table 1); it may be reduced by projecting grid
points from more than one focus to maximize surface
adaptation to local geometry
. A possible concern in applying
this method to measure the right ventricular free wall may
appear to be the two-step calculation, which involves sub-
tracting two volumes, with the potential for propagation of
errors . However, the added left ventricular epicardial trac-
ings are only used as a common border for both the epicar-
dium and endocardium of the right ventricle, and all calcu-
lations are done automatically by the computer from the
same set of traces, minimizing potential errors . (Of tare is
that the left ventricular epicardium was chosen in this case
for its convenience but that any other consistent border
could be used so long as the resulting object contained its
certroid.) The results of this study indicate these errors are
acceptably small for the ventricles examined . The averaging
effect of the surfacing algorithm will also tend to minimize
potential inaccuracies caused by localized trabeculations in
individual two-dimensional images.
Greater variability, however, is likely in the clinical
setting, for example, in applying the technique to evaluate
the presence, magnitude and progression of right ventricular
hypertrophy in patients with right-sided outflow tract ob-
struction and pulmonary hypertension, as well as its possible
regression with therapy. Variability can be expected for
several reasons . Respiration can change the position of the
heart (relative to the external frame of reference) an well as
its size and shape . Respiratory gating should decrease such
variability, and the effect of cycle length variability could be
minimized by reconstructing beats within a specified range
of cycle length . Limited image quality (48) and acou.dc
access will decrease the number of available planes. Vari-
ability caused by patient motion can be minimized by rapid
acquisition, as provided by this system ; transducers provid-
ing two simultaneous orthogonal views (49) or multiple
vies a by phased-array parallel processing (50) could further
accelerate acquisition
.
With the improved efficiency of three-dimensional data
acquisition provided by this system, endocardial border
definition has become the most time-consuming step, requir-
ing 10 to 15 min, depending on observer experience and the
number (average 17) and complexity of the images
. This time
could be reduced by defining the minimal number of views
requited (43,51) and by using new methods to automate or
JACC Vol . 23, No . 7
June 1994:1715-22
semiautomate border extraction that are based on signal
amplitude or How (52)- Such systems could be particularly
strong when applied to three-dimensional data because gaps
in individual two-dimensional images
could
be filled in from
other images using minimal cost functions that optimize the
detection of a spatial border (53) .
Conclusions . Despite its irregular crescentic shape and
variability in thickness, as seen in two-dimensional echocar-
diographic views, the right ventricular free wall can be
reconstr uteri in vivo, and its mass can be accurately deter-
mined with the three-dimensional echocardiographic system
and surfacing algorithm described, which take both wall
thickness and ventricular size into account . This technique
avoids exaggeration offree wall thickness caused by oblique
M-mode and two-dimensional echocardiographic scans and
does not require geometric assumptions for right ventricular
chamber size. It provides significantly better predictions of
right ventricular mass than those derived from either sinus or
outflow thickness by two-dimensional echocardiography .
The increased efficiency of this system, which allows rapid
three-dimensional data acquisition, has the potential for
increasing applications to questions of
clinical and research
interest, such as the presence and progression of right
ventricular hypertrophy in heart disease ; these validation
studies lay the foundation for subsequent work
.
We thank Tracy Svicerro, BS, for technical expertise with the experimental
model.
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